The anatase nanocrystalline TiO 2 samples were synthesized by a sol-gel method with a thermal treatment under air and H 2 atmospheres at 350°C and employed as the supports for preparation of Pd/TiO 2 catalysts by impregnation and electroless deposition methods. The surface Ti 3+ defects on the TiO 2 significantly increased when treated under H 2 , compared to air, with no changes in the average crystallite size, specific surface area, and pore structure.
Introduction
Selective hydrogenation of acetylene over Pd-based catalysts has been one of the most studied hydrogenation reactions over the last decades [1] . It is a major method used for purification of ethylene feedstocks obtained from thermal cracking of oil compounds in the ethylene-based polymerization reactions. Despite its long-term application in industry, Pdbased catalysts still suffer from poor selectivity of acetylene conversion to ethylene which leads to the production of a large amount of ethane and the waste of ethylene [2, 3] According to a recent review by Kim et al. [4] , to achieve high selectivity and activity of Pdbased catalysts, recent trend has been (i) to add a second metal to form alloy with Pd or to suppress the number of multicoordination sites of the Pd surface and (ii) to induce the strong metal-support interaction (SMSI) effect so that the adsorption strength of ethylene is weakened [5] . A number of previous studies show that the presence of Ti 3+ species that was in contact with Pd promotes the SMSI on Pd/TiO 2 catalysts, resulting in an improved catalyst performance in the selective acetylene hydrogenation [6] [7] [8] [9] [10] .
The properties of TiO 2 such as crystallite size, crystalline phase composition, particle morphology, and surface defects (Ti 3+ ) can be controlled by synthesis method as well as postsynthesis treatment conditions [11] . The performance of Pd catalysts supported on novel TiO 2 prepared by hydrolysis-precipitation in the selective acetylene hydrogenation depended largely on the preparation conditions of the TiO 2 such as pH value, Ti(OBu) 4 addition rate, and calcination temperature [12] . Sol-gel method is an easy route to obtain high purity nanosized TiO 2 at mild reaction conditions. However, the precipitated powders obtained are amorphous in nature and further heat treatment is required for crystallization. The properties of sol-gel derived TiO 2 nanoparticles were found to be influenced by the calcination atmosphere. For examples, rutile TiO 2 prepared under Ar and H 2 atmosphere showed higher photocatalytic activity than that prepared under air atmosphere [13] . Suriye et al. [14] reported that the surface Ti 3+ varied with the amount of oxygen fed during calcination.
Huang et al. [15] showed that H 2 -atmosphere calcination was important to give visible-region photocatalytic activity of TiO 2 .
In the present study, the sol-gel derived TiO 2 , which was calcined under H 2 or air, was employed as the supports for preparation of Pd/TiO 2 catalysts and studied in the selective hydrogenation of acetylene at 40-100 o C. Deposition of Pd on the TiO 2 supports was done by two different methods (conventional impregnation and electroless deposition). The catalyst performance was correlated with the surface and structural properties of the Pd/TiO 2 according to the characterization results from X-ray diffraction (XRD), transmission electron microscopy (TEM), N 2 physisorption, electron spin resonance (ESR), CO pulse chemisorption, and infrared spectroscopy of adsorbed CO (CO-IR).
Experimental

Preparation of TiO 2 support
Titanium dioxide support was prepared by sol-gel method using 83.5 cm 3 of titanium isopropoxide (Aldrich Chemical Ltd.), 7.33 cm 3 of 70 vol.% nitric acid (Asia Pacific Specialty Chemical Limited), and 1000 cm 3 of distilled water. At first, 70 vol.% nitric acid was added to distilled water. The mixture was continually stirred using a magnetic stirrer.
While the mixture was stirred, titanium isopropoxide was added slowly. The mixture was stirred continually for about 3 days at room temperature until clear sol was obtained. The clear sol was placed in dialysis tubing, which was submerged in distilled water. The water was changed daily for 3-4 days until the pH of water reached 3.5 from the initial pH at 1.1. analyzed by the inductive coupled plasma-optical electron spectroscopy using the Optima 2100 DV spectrometer and determined to be ca. 0.9 wt%. The amounts of residual Cl on the catalyst surface were determined using an Amicus photoelectron spectrometer to be 1.0-1.2 atomic%.
The CO adsorbed species on the Pd/TiO 2 catalysts were measured using FTIR-620 spectrometer (JASCO) with a MCT detector at a wavenumber resolution of 2 cm -1 . He gas was introduced into the sample cell in order to remove the remaining air. The system was switched to hydrogen and heated to 150 o C. The temperature was kept constant for 30 min and then cooled down to the room temperature with He gas. After that, carbon monoxide was flow to the system for 15 min. The IR spectrum of CO adsorbed onto the catalyst was recorded in the 4000-600 cm −1 range after the gaseous CO had been removed from the cell by He flow.
Reaction study
Acetylene hydrogenation was performed in a pyrex tube reactor of 10 mm in diameter. Prior to the start of each experimental run, the catalyst was reduced with hydrogen by heating from room temperature to 150 o C for 2 h at a heating rate of 10 o C /min. Then the reactor was purged with argon and cooled down to the reaction temperature. The reactant gas mixture composed of 1.5% C 2 H 2 , 1.7% H 2 , and balanced C 2 H 4 (Rayong Olefin Co., Ltd). The flow rate of the reactant stream was 100 cm 3 /min. The reaction products and feed were analyzed by a gas chromatograph equipped with TCD detector (SHIMADZU TCD GC 8A, molecular sieve-5A) and FID detector (SHIMADZU FID GC 9A, Carbosieve column S-2).
Results and discussion
Characterization of TiO 2 and Pd/TiO 2
The sol-gel method is an easy method for preparation of nano-sized TiO 2 but the precipitated powder obtained is amorphous in nature and further heat treatment is required for crystallization. In the present study, the Electron spin resonance is a technique for studying chemical species that have one or more unpaired electrons. The ESR spectra of the TiO 2 supports are shown in Figure 2 .
According to Nakaoka and Nosaka [19, 20] 
Selective hydrogenation of acetylene
The catalytic performance of 1 wt% Pd catalysts supported on sol-gel derived TiO 2 calcined under H 2 and air were investigated in the selective hydrogenation of acetylene.
Acetylene conversion is defined as moles of acetylene converted with respect to acetylene in feed. Ethylene selectivity is defined as the percentage of acetylene hydrogenated to ethylene over totally hydrogenated acetylene. The ethylene being hydrogenated to ethane (ethylene loss) is the difference between all the hydrogen consumed and all the acetylene which has been totally hydrogenated [27] . The catalyst performance plots are illustrated in Figure 5 (a).
Since ethylene is produced as an intermediate in acetylene hydrogenation, which is a typical consecutive reaction, the ethylene selectivity decreases with acetylene conversion [3] . In this work, improved catalytic performance in terms of both acetylene conversion and ethylene selectivity was achieved using the Pd catalysts on the H 2 -treated sol-gel derived TiO 2 , regardless of the preparation methods used. High ethylene selectivity (90%) can be obtained at complete acetylene conversion (100%) over 1 wt.% Pd/TiO 2 -H 2 -(ED) and 1 wt.% Pd/TiO 2 -H 2 -(I). The same effectiveness of H 2 -treated TiO 2 was also confirmed for 0.5 wt.% Pd loaded samples ( Figure 5(a) ). Ethylene selectivity of Pd/TiO 2 catalysts from this study was relatively high comparing with those reported previously in the literature. For example, Kang et al. [5] showed that high ethylene selectivity (> 90%) can be obtained over Pd/TiO 2 and Pd/Si-modified TiO 2 when they were reduced at 500 o C due to the strong metal-support interaction (SMSI) effect at about 50% conversion of acetylene. In our previous studies, the solvothermal-derived TiO 2 supported Pd catalysts exhibited 40% selectivity of ethylene at complete conversion of acetylene [6] . Ethylene selectivity ≥ 80% has been reported over Pd catalysts supported on the mixed phase TiO 2 containing 44% rutile phase [7] and the sol-gelderived TiO 2 at acetylene conversion < 50% [8] .
It is well-known that operating temperature plays a large role in the activity of the supported Pd catalysts. As the temperature increased from 40-100 o C, acetylene was completely hydrogenated to ethylene and ethane for all the catalysts except the Pd/TiO 2 -Air-(ED). For the same preparation method, the 1 wt.% Pd/TiO 2 -H 2 showed higher Pd dispersion than 1 wt.% Pd/TiO 2 -Air and, as a consequence, they exhibited higher hydrogenation activity ( Figure 5(b) ). Because all the prepared TiO 2 supports possessed similar average crystallite size, BET surface area, pore volume, and pore diameter, the higher Pd dispersion on the catalysts supported on H 2 -treated sol-gel TiO 2 was attributed to the larger amount of surface Ti 3+ on the TiO 2 supports. The higher defects could lead to numerous crystal boundaries, where a larger number of Pd atoms can be deposited; hence higher Pd dispersion was obtained. The role of defects has gradually attracted the interest of researchers [28, 29] . The relationship between the defect sites of supported metal catalysts and their catalytic activities has been reported. For example, Blackmond et al. [30] showed that the defect sites at edges and corners on the surface of metal nanoparticles were the active sites for the Heck reaction.
In the selective hydrogenation of acetylene, Li et al. [31] reported that the hydrogenation activity of the Pd nanowires increased because of the defect sites at crystal boundaries. In our previous work [32] , a larger amount of Ti 3+ surface defects on the solvothermal-derived nanocrystalline TiO 2 was also found to result in a stronger interaction between Co and TiO 2 and then a higher Co dispersion.
As can be seen from Figure 5 (c), ethylene selectivity was higher on the Pd catalysts supported on H 2 -treated TiO 2 than Pd/TiO 2 -Air, regardless of the preparation method used.
Ethylene selectivity did not depend much on reaction temperature but rather affected by the nature of the adsorption sites of Pd. Ethylene selectivity over the Pd-based catalysts was found to increase with increasing A l /A m ratio. It has been rationalized that the presence of more isolated adsorption sites could be responsible for the increased selectivity to ethylene [33, 34] . The number of isolated adsorption sites was greatly enhanced on the H 2 -treated sol- under H 2 atmosphere led to more surface Ti 3+ defective sites on the TiO 2 , while there were no significant differences in the average crystallite size and specific surface area of the TiO 2 .
The presence of Ti 3+ gives the higher Pd dispersion and promoted the formation of isolated Pd adsorption sites. In addition, higher Pd dispersion was obtained when the catalysts were prepared by electroless deposition technique, compared to conventional impregnation.
